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Abstract 
In this paper we describe for the first time the design, fabrication and initial characterization results of a novel 
gimbal-less, thermally actuated micromirror developed for optical coherence tomography (OCT) application. We 
report large deflection angle of up to 300 that has been achieved at low input power of less than 17mW and voltage 
of less than 1V. Moreover, this device has a potential of integration with GaAs/Si substrate due to moderate 
temperatures developed during its operation-less than 1000C increase with respect to ambient at angular deflection 
of 300.  
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1. Introduction 
Multi degree of freedom scanning micromirrors have been reported in different design topologies with different 
actuation methods. These micromirrors are used in applications such as biomedical imaging, optical switching, 
beam positioning, and displays. Most frequently utilized methods for their actuation are electrostatic, 
electromagnetic, piezoelectric and electrothermal method.  
An electrostatic actuation was demonstrated, for example, by Zara and Smith [1], where a single axis micromirror 
was described. Angular displacement close to 300 at a static voltage of 90V was reported in this work. In the case of 
electromagnetic actuation, higher angles can be achieved at the cost of higher currents. For example, angular 
displacement of 450 has been reported at an input current of 450mA in [2]. A piezoelectric actuation method with 
angular displacement of up to 6.10 at 16V was reported by Kim et. al [3]. Finally, many electrothermal micromirrors 
have also been reported for scanning applications. An example of earlier work is shown by Buhler et. al. [4]. The 
micromirror used bimorph actuation and exhibited a rotation angle of 50 for an applied power of 5mW. Later, 
Lammel et. al. [5] reported rotation angles of up to 30-400 for applied power of 15mW. Recently, electrothermal 
designs that were used in OCT application was reported by Xie et. al. [6] and Singh et al. [7]. In the latter work, an 
angle of 170 was achieved with the temperature of 900C in the actuator and the applied power of approximately 
37mW [7]. 
In this paper, we propose a multi-axial design that can achieve large angular deflection of up to 300 at low power 
of 17mW. The  proposed design results in modest temperature increase of less than 900C with respect to ambient 
during the operation at maximum angular deflection. 
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2. Design and Operation 
The basic design of the micromirror is shown in Figure 1 (a). . The micromirror consists of a 3µm thick single 
crystal silicon base with a reflective aluminum coating over it. The mirror dimensions are varied from 150µm by 
150µm to 250µm by 250µm in different test dies. The mirror is connected to four electrothermal actuators (ETAs) 
through four flexural connectors. Also, we varied the length of the actuators  from 400µm to 600µm, whereas their 
thickness was fixed to 2.5 microns. The actuators are operating on a thermal bimorph principle. Each actuator is 
made of undoped poly and amorphous silicon as the lower structural layers with platinum resistor embedded in 
between. Aluminum serves as the upper layer of the actuator. Flexural connectors are 1.5µm thick and are made of 
undoped poly and amorphous silicon. They offer flexibility for mirror deflection and electrical isolation from 
actuated ETA to the mirror. In the design variations of the ETA the thickness of the lower layer was kept constant 
while the thickness of upper layer was calculated from the optimizing equation given below [8]. 
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where, τ=ttop/tbot,W=wtop/wbot and ε=Etop/Ebot is for the thickness, width and modulus ratio of the two materials (top 
and bottom) respectively. The amorphous silicon layer is thinner than polysilicon and has lower Young's modulus 
and temperature coefficient of expansion. Therefore, our multi-layer actuator can be approximated by a bimorph 
model with two materials i.e. polysilicon and aluminum [9]. As the widths of the two materials are usually the same, 
the above equation can be reduced to: 
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The underlying basis for our actuation here is the bimorph effect, where two materials with different coefficients 
of thermal expansion, expand or contract differently due to this mismatch when there is an increase in temperature 
along it. This increase in temperature can be achieved by Joule heating after applying current to the actuator. 
Platinum is a favorable material for heater due to its linear response over a greater range of input voltage that can be 
used to introduce this increase in temperature. The resistance of the platinum heater was designed to vary from 50 to 
100Ω. In different devices, heaters were oriented in the actuator along its axis and perpendicular to its axis. After the 
thermal expansion, the bending moment produced at the end of the cantilever gets translated to the respective mirror 
edge through its corresponding flexural spring. The mirror therefore undergoes angular deflection.  
3. Finite Element Analysis and Simulation 
Analysis of the device using finite element software, CoventorWare (Coventor, Inc.) was carried out. The solver 
was set to carry out static electro-thermo-mechanical analysis. Appropriate position of the flexural connectors and 
length of the actuators were chosen using the results of the simulation. Design with different flexural connectors and 
actuators than the one described in this work has been reported in [10]. 
Figure 1 (b) shows the angular displacement of the finite element model of the device. Four actuators are 
connected to the silicon substrate with oxide on it. The bottom of the substrate was fixed as stationary for all 
mechanical motions. It was also assigned a thermal boundary condition of 300K. An input voltage difference was 
applied to one of the actuators to simulate the static deflection of the mirror. The convection and radiation 
conditions were found to have little effect on the results so they were not considered for the analysis. It is important 
to note here that according to this simulation the temperature of the mirror is much less than the temperature of the 
actuator during operation, see Figure 1 (c). This is due to the thermally resistive path between mirror and actuators. 
As there is very low temperature conduction laterally across and vertically down the silicon substrate, any high 
temperature developed in the actuator would not adversely affect the future integration. 
 
 
 
 
 
 
 
Figure 1. (a) Schematic representation of the micromirror device; (b) Angular displacement of the device, (c) Temperature profile of the device 
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Figure 2. (a) Device fabrication process; (b) Optical micrograph of the released micromirror; (c) SEM image of the device; (d) Device die (4mm
4. Micromirror Device Fabrication 
The fabrication process is illustrated on Figure 2 a). It 
with 3µm thick , p-type device layer (Ultrasil, 
silicon support is etched using deep reactive ion etching (DRIE)
masking layer. The LPCVD deposition (MRL industries
follows the etching. This layer will make the lower part of t
platinum was evaporated in CVC SC4500 evaporator 
subsequently deposited platinum, 0.05µm of titanium was evaporated between the platinum and polycrystalline 
silicon. Then, a layer of amorphous silicon was deposited at 400
between polysilicon and amorphous silicon structural layer. 
polysilicon, amorphous silicon and a Ti/Pt layer sandwiched between them.
To fabricate the upper layer of actuator and mirror, a 
patterned using lift-off. Here, the aluminium covers the entire device 
structural layers of poly and amorphous silicon to define actuators and flexural connectors. Reactive ion etching 
(RIE) of these two layers was carried out in Oxford 80 by Plasma L
nitric acid mixture manufactured by Transene company 
from the flexural connectors and contact pads.
0.5µm thick amorphous silicon layer from platinum contact pads to expose the electrical contacts.
was used with cooling cycles between the etchings
To release the device dry etch instead of wet KOH etch was 
due to its capability of producing straighter walls. 
220-7) were used as masks for backside etching of the 500µm handle wafer
500µm of the handle wafer with cooling-down cycles between 50µm 
step in the release process is oxide etch. As the device once released would be fragile and wet etching
aggressive for this type of free standing device, dry etching with CHF
point all of the resist at the backside is also etched
SEM image of the device is shown in Figure 2b and 2c respectively
5. Experimental Setup, Results and Discussion
First, we have performed a measurement of the mirror deflection as a function of applied power. 
He-Ne laser was placed at an angle of 450 with respect to mirror plane. A screen with 
was placed 15cm away, opposite to the laser such that the reflected light 
0.5Hz was then applied to the mirror using Agilent 33220A function gen
laser spot was measured and angular displacement was then calculated.
2) LPCVD deposition of 
polysilicon layer
1) Photolithography & DRIE 
defining mirror base 
6) DRIE from backside and 
oxide etch to release the device
5) Etching of polysilicon & aSi to  
define device, followed by the  
aluminum and asilicon etching for 
opening the contact pads 
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and patterned by lift off. In order to increase the adhesion
0C which serves to embed the heating resistor 
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micron thick layer of aluminium was evaporated
and is later used as a mask to etch two 
ab. Heated 16:1:1 PAN (phosphoric, 
Inc.) etch at 500C was used to remove the aluminum layer 
 The whole front side fabrication was completed by removing the 
 Pulsed etching 
 to prevent the resist from hardening.  
selected,  as it needs less space for opening windows
PECVD oxide of about 1µm thick and 7µm of photoresist
. Bosch etch was carried out to etch all 
intervals to get better wall profiles. The last 
3/O2 was selected for this purpose
 so photoresist removal is not required. An optical micrograph and
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 Figure 3. (Left) Angular displacement with the applied input power
achieved for the actuator length of 550µm. Angular displacement is shown with respect to applied power
(left). The experimental results were compared with simulation results that were carried out in Coventor
difference between the two is less than 2% up to 
specification), which increases to 30% for the maximum angle of 33
current simulations angular displacement of only 
setup beam deflection angle was measured. Additionally, the 
vertical movement of the mirror, as well as from und
unactuated ETA. In our separate work [10], mirror edge deflection was measured using an optical profilometer 
along with the beam deflection angle. We have also t
4500 cycles. No appreciable change in the output was detected
observed that heater oriented in the actuator along its axis caused the actuator to buckle earlier than 
was perpendicular to its axis. This can be because of the 
former design. The actuator is mechanically constrained along its width so it buckles at high temperatures. 
Another important factor of the mirror is its curvature. The flatness of the mirror ensures focus depth in OCT 
imaging. For the current mirror, the curvature was found out to be 0.9mm using 
et Techniques Industrielles de la Lumière, Franc
1.5µm poly and amorphous silicon layer, deposited in two steps between the support and the reflective aluminum 
surface. Moreover, the thickness of aluminum layer on the mirror is the same a
thinner film of aluminum will be deposited on the single crystal silicon
For the use of this device in biomedical applications it is imperative that the temperature developed in 
during operation is low. Our requirement was 
displacement. The experimental temperature increase
platinum resistor with corresponding input power
6. Conclusion 
We have developed an electrothermally-actuated, gimbal
displacement of up to 300 has been achieved at low volt
operating temperature development in the device is less than 390K
high angular deflection at low voltage and temperature makes it compatible with other integ
OCT imaging.  
Acknowledgements 
This work was supported by PITA (Pennsylvania 
mainly carried out in CNF (Cornell Nanoscale S
References 
1.  J. Zara, S. Smith, Sensors andActuators A 102 (2002), p. 167
2.  J. W. Judy, R. S. Muller, Journal of Microelectromechanical Systems 
3. Kim S.J., Cho Y.H., Nam H.J. and Bu J.U, Journal of 
4. J. Bühler, J. Funk, O. Paul, F.-P. Steiner, H. Baltes, Sensors and Actuators A 
5. G. Lammel, S. Schweizer, P. Renaud, Kluwer Academic, Boston, 2002
6.  A. Jain, S. T. Todd, G. K. Fedder, H. Xie, 2003 OSA Annual Meeting, Tucson, AZ, October 2003.
7.  J. Singh, J.H.S. Teo, Y. Xu, C.S. Premchandran, N. Chen, 
8.  W. Peng, Z. Xiao, and K. R. Farmer, Nanotech Proceedings 
9.  F. Jian Yu, C. DaPeng, Y. TianChun, J. BinBin, O. Yi, 
10. U. Izhar, B.S. Ooi, S. Tatic-Lucic, IEEE Optical MEMS and Nanophotonics (2009), Clearwater Beach, Florida, USA (Accepted)
 
; (Right) Temperature increase from room temperature with the applied power
50 of angular displacement (which was the initial device 
0
. One main reason of this difference
the mirror edge could be found, whereas from the experimental 
beam deflection angle incorporates an error from the 
esired angular displacement of the mirror in the axis of the 
ested the repeatability of our device, by keeping it actuated 
 during that time. While testing various devices
the
thermal stress that develops along the bimorph width in the 
optical profilometer (STIL Sciences 
e). The curvature is significant, as there is stress introduced by 
s that of the actuators. In 
 in order to alleviate this problem. 
the maximum temperature increase of up to 200C at 50
 was measured by measuring the temperature change in the 
, see Figure 3 (right). Our specification was successfully met
-less, multi-axis scanning mirror. The angular 
age of 730mV and a low power of less than 17mW. The 
 at its maximum angular deflection of 30
rated optics to realize 
Infrastructure Technology Alliance), PIT-743-07
cience and Technology Facility ) at Cornell University.  
-174. 
6 3 (1997), p 249-256. 
Microelectromechanical Systems  18 (2008), p 1-7. 
46-47 (1995), p 572-575. 
. 
 
Journal of Microelectromechanical Systems, 18 (2008) p. 1-9. 
1 (2003), p. 376-379. 
Science in China Series E. Technological Sciences, 52 (2009), p. 1167
 
 
 
 in Figure 3 
Ware. The 
 is that with 
for 
 it was 
 one which 
 
the future a 
 
this device 
 of angular 
. 
0
. This 
 and was 
-1170. 
 
 U. Izhar et al. / Procedia Chemistry 1 (2009) 1147–11501150
